Leaf senescence is regulated by diverse developmental and environmental factors to maximize plant fitness. The red to far-red light ratio (R:FR) detected by plant phytochromes is reduced under vegetation shade, thus initiating leaf senescence. However, the role of phytochromes in promoting leaf senescence under FR-enriched conditions is not fully understood. In this study, we investigated the role of phyA and phyB in regulating leaf senescence under FR in Arabidopsis thaliana (Arabidopsis). FR enrichment and intermittent FR pulses promoted the senescence of Arabidopsis leaves. Additionally, phyA and phyB mutants showed enhanced and repressed senescence phenotypes in FR, respectively, indicating that phyA and phyB antagonistically regulate FR-dependent leaf senescence. Transcriptomic analysis using phyA and phyB mutants in FR identified differentially expressed genes (DEGs) involved in leaf senescence-related processes, such as responses to light, phytohormones, temperature, photosynthesis and defense, showing opposite expression patterns in phyA and phyB mutants. These contrasting expression profiles of DEGs support the antagonism between phyA and phyB in FR-dependent leaf senescence. Among the genes showing antagonistic regulation, we confirmed that the expression of WRKY6, which encodes a senescence-associated transcription factor, was negatively and positively regulated by phyA and phyB, respectively. The wrky6 mutant showed a repressed senescence phenotype compared with the wild type in FR, indicating that WRKY6 plays a positive role in FR-dependent leaf senescence. Our results imply that antagonism between phyA and phyB is involved in fine-tuning leaf senescence under varying FR conditions in Arabidopsis.
Introduction
Leaf senescence is an orderly progression of genetically programmed events that regulate a variety of biological processes (Lim et al. 2007 ). During leaf senescence, dramatic changes in gene expression as well as degradation of Chlorophyll (Chl) and proteins occur in senescing cells, enabling the remobilization of nutrients to newly developing vegetative and reproductive organs (Buchanan-Wollaston et al. 2003 , Lim et al. 2007 ). This genetic reprogramming is controlled by multiple layers of regulation at the chromatin, transcriptional, post-transcriptional, translational and post-translational levels (Woo et al. 2013 ). The process of senescence is influenced not only by endogenous factors, such as age, flowering and phytohormones, but also by external factors, such as nutrients, biotic and abiotic stresses, temperature and light (Guo and Gan 2005) . Plants have evolved a precise mechanism that integrates various senescence-influencing signals, thus enabling them to maximize their fitness in different ecological settings (Lim et al. 2007) .
Light is a critical environmental factor used by plants not only as an energy source for carbon fixation but also as a signal that regulates various plant processes, including seed germination, deetiolation, phototropism, vegetative growth and flowering (Kami et al. 2010 , Casal 2012 . Changes in light quantity and quality affect leaf senescence. For example, darkness induces leaf senescence (Causin et al. 2006 , Brouwer et al. 2012 ; however, leaves of wheat (Triticum aestivum L.) plants grown in blue, green or red light (R) exhibit repressed senescence relative to those grown in the dark (Causin et al. 2006) . R maintains Chl content, whereas far-red light (FR) accelerates Chl reduction, as shown in diverse plant species, including tobacco (Nicotiana tabacum), liverwort (Marchantia polymorpha), cucumber (Cucumis sativus), soybean (Glycine max) and rice (Oryza sativa) (Sugiura 1963 , De Greef et al. 1971 , De Greef and Fredericq 1972 , Tucker 1981 , Guiamet et al. 1989 , Okada and Katoh 1998 .
Shade caused by surrounding vegetation is disadvantageous, as it reduces a plant's accessibility to sunlight. Shade not only reduces light intensity but also reduces the R:FR ratio of light (Smith 1982, Franklin and Whitelam 2005) . To withstand or avoid shade, plants display shade avoidance responses, including stem growth, petiole elongation, reduced branching and early flowering Whitelam 2005, Casal 2012 ). Leaves growing under shade show reduced Chl content and yellowing, features that are characteristic of leaf senescence (Brouwer et al. 2014) . Plants discard such photosynthetically inefficient leaves and remobilize resources from these leaves to new organs as a shade avoidance response. These shade avoidance responses are key for the survival of plants in disadvantageous environments.
Plants sense changes in R and FR quality through phytochrome photoreceptors (Fankhauser 2001) . Phytochromes have two reversible forms, Pr (R absorbing) and Pfr (FR absorbing) (Butler et al. 1959) . In Arabidopsis, phytochromes are subdivided into two groups: light-labile (type I) phytochrome A (phyA) and lightstable (type II) phytochromes phyB-phyE (Hirschfeld et al. 1998) . The molecular characteristics and light specificity of phyA and phyB are quite different. phyA is involved in two types of signaling modes: very-low-fluence response (VLFR), which affect seed germination, and FR light-dependent high-irradiance responses (FR-HIRs) including the inhibition of hypocotyl elongation and accumulation of anthocyanin (Nagatani et al. 1993 , Whitelam et al. 1993 , Neff et al. 2000 . In contrast, phyB mediates low-fluence response (LFR) and R light-dependent high-irradiance responses (R-HIRs) (Reed et al. 1994 , Botto et al. 1996 , Shinomura et al. 1996 . Moreover, phyA is required for the regulation of de-etiolation of seedlings in continuous FR, a light condition that mimics shade (Lorrain et al. 2009 ). In contrast to phyA, phyB is the major photoreceptor in R and is the most plentiful phytochrome in green tissues. The photoequilibrium of Pr and Pfr is dependent on the R:FR ratio of light. Under a high R:FR ratio, the photoequilibrium shifts toward the Pfr form; however, under a low R:FR ratio, as observed under shade, the proportion of the Pr form increases. Thus, photoequilibrium is dynamic under natural light conditions Quail 2010, Martinez-Garcia et al. 2014) .
Several lines of evidence indicate that light sensing by phytochromes is essential for regulating leaf senescence in Arabidopsis. For example, phyA is required for repressing the yellowing of leaves under shade via the up-regulation of genes involved in Chl biosynthesis, without changing the expression of senescence-associated genes (SAG2 and SAG12) (Brouwer et al. 2014) . Overexpression of phyA in tobacco leads to increased Chl content in FR (Rousseaux et al. 1997) . The Pfr form of phyB, when exposed to intermittent R pulses (Rps), inhibits leaf senescence in Arabidopsis through the repression of leaf senescence activators PIF4/PIF5 at the post-translational level (Sakuraba et al. 2014) . The OsphyB mutant of rice exhibits enhanced senescence in the dark, with the up-regulation of SAGs, OsORE1 and OsEIN3. Furthermore, OsphyB inhibits starvation-induced leaf senescence, and the enhanced senescence phenotype of the OsphyB mutant is partially rescued by nitrogen supplementation (Piao et al. 2015) .
Although several studies suggest that the FR signal in shade or FR-enriched conditions promote leaf senescence, the mechanism of phytochromes underlying this effect and the genes involved in this regulation are not fully understood. In this study, we investigated the effect of FR on leaf senescence and the involvement of two major phytochromes, phyA and phyB, in FR-dependent leaf senescence. We conducted transcriptomic analysis to determine the genes responsible for leaf senescence in FR. This study provides novel insights into the regulation of leaf senescence in FRenriched environments.
Results

Positive effect of FR on leaf senescence in Arabidopsis
To test whether FR has a positive effect on leaf senescence in Arabidopsis, we treated the third and fourth leaves of 3-week-old wild-type plants with different intensities of FR and a fixed intensity of R (0.2 mmol m -2 s -1 ) for 4 d (Fig. 1A) . R-treated leaves contained 90.4% of the original Chl content. However, FR treatments reduced the Chl content to 42.7% and 33% in leaves treated with 0.2 and 0.8 mmol m -2 s -1 of FR, respectively (Fig. 1B) . This result indicates that FR has a positive effect on leaf senescence in Arabidopsis, suggesting that phytochromes may be involved in FR-induced leaf senescence. Previously, it has been shown that phytochromes can sense intermittent Rps or FR pulses (FRps) (Borthwick et al. 1954 , Sakuraba et al. 2014 . To examine whether phytochromemediated signaling is involved in the positive effect of FR on leaf senescence, we treated the third and fourth leaves of 3-week-old wild-type plants with intermittent FRps or Rps (12 h dark interval) or with continuous darkness for 4 d (Fig. 1C) . In the dark, the Chl content of leaves was reduced to 40.9% of the original content present in leaves before dark treatment. Intermittent Rps inhibited the reduction in Chl content; leaves exposed to intermittent Rps contained 68.1% of the original Chl content. However, the treatment of wild-type plants with intermittent FRps dramatically reduced the Chl content to 22.4% (Fig. 1D) . Furthermore, the positive effect of FRps on leaf senescence is stronger than that of darkness in Arabidopsis. These results indicate that FR enhances leaf senescence via phytochromes in Arabidopsis. From these observations, we suggest two possible ways to explain how FR promotes leaf senescence through phytochromes. First, FR inactivates the inhibitory effect of R on leaf senescence by reducing the Pfr form of phyB, as previously indicated (Sakuraba et al. 2014) . The other possibility is that phytochromes in FR positively regulate leaf senescence.
phyA and phyB antagonistically regulate leaf senescence in FR To investigate how phytochromes regulate leaf senescence in FR, we treated Arabidopsis phyA and phyB mutants with intermittent Rps or FRps (Fig. 2A) . The Chl content of wild-type Columbia-0 (Col-0) leaves treated with Rps was maintained at 68.1%, whereas that of phyA mutant leaves treated with Rps was 75%; however, this difference was statistically non-significant (Fig. 2B) . Leaves of phyB mutants showed a reduced Chl content (50.3%) compared with those of the wild type, indicating that the phyB Pfr form induced by Rps inhibits leaf senescence, which is consistent with a previous report (Sakuraba et al. 2014) . Compared with Rp-treated leaves, FRp-treated leaves of wild-type and phyA mutant plants showed a greater reduction in Chl content (22.4% and 19.2%, respectively) (Fig. 2B) . However, in contrast to Rp, FRp-treated leaves of the phyB mutant showed a higher Chl content (42.4%) than those of the wild type (Fig. 2B) , indicating that phyB promotes leaf senescence with FRps. Phytochrome-regulated physiological responses are reversible by alternating R and FR (Borthwick et al. 1954 , Sakuraba et al. 2014 . To determine if phytochrome-regulated leaf senescence is also reversible, we treated leaves of wild-type plants and those of phyA and phyB mutants with FRps followed by Rps (FRp/Rp) or with Rps followed by FRps (Rp/FRp). Treatment with FRp/Rp produced no significant difference in the Chl content of the wild type (59.6%) and phyA mutant (64.1%) (Fig. 2B) ; however, the Chl content of phyB mutant was lower (39.7%). Compared with FRp/Rp-treated leaves, Rp/FRp-treated leaves of the wild type and phyA mutant showed a lower Chl content (34% and 31.3%, respectively). In contrast to FRp/Rp-treated leaves, however, Rp/FRp-treated leaves of the phyB mutant showed higher Chl content (51.2%) than those of the wild type (Fig. 2B) . The Chl content patterns of phyB mutant leaves treated with FRp/Rp and Rp/FRp were similar to those of phyB mutant leaves treated with Rps and FRps, respectively, indicating that the phyB-regulated leaf senescence is photoreversible, which is typical for all phyB-mediated responses.
Previously, it has been reported that Arabidopsis phyA requires frequent FRps or continuous FR for FR-HIRs (Shinomura et al. 2000) . To address the dependence of phytochromes on light for mediating leaf senescence, we exposed wild-type, phyA and phyB leaves to continuous light with variable R:FR ratios. In the wild type, the Chl content of leaves was reduced as the relative proportion of FR increased (Fig. 2C) . When the R:FR ratios varied from 100:0 to 20:80, phyA mutant leaves showed a similar trend to wild-type leaves. However, when R:FR ratios were below 5:95 and 0:100, the Chl content of phyA mutant leaves was lower than that of wild-type leaves (Fig. 2C) , indicating that phyA inhibits leaf senescence in FRenriched conditions. Our observation that phyA exerts its function in continuous FR and a very low R:FR ratio is consistent with previous reports (Shinomura et al. 2000 , Brouwer et al. 2014 , Martinez-Garcia et al. 2014 . In contrast, phyB mutant leaves showed a reduced Chl content in R-enriched conditions (R:FR ratios ranging from 100:0 to 60:40). However, the Chl content of phyB mutant leaves in FR-enriched conditions (R:FR ratios ranging from 20:80 to 0:100) was higher than that of wild-type leaves (Fig. 2C) . The contrasting leaf senescence phenotypes of the phyB mutant under R-and FR-enriched conditions indicate that phyB is the major photoreceptor that monitors the R:FR ratio for regulating leaf senescence. These results suggest that enhanced leaf senescence in FRp and low R:FR ratio conditions is caused by not only the reduction of phyB Pfr form, but also the promoting effect of phyB in FRenriched conditions. Interestingly, phyA and phyB showed opposite functions in regulating leaf senescence under FR-enriched conditions. To investigate further the contrasting senescence phenotypes of phyA and phyB mutants in FR, we examined the leaf senescence phenotypes of PHYA and PHYB overexpressors and other mutant alleles of PHYA and PHYB genes in continuous FR and R. Transgenic Arabidopsis plants overexpressing PHYA-GFP (PAG) were generated in the phyA-211 background, and two lines (PAG8-7 and PAG14-8) were isolated using reverse transcription-PCR (RT-PCR) analysis ( Supplementary Fig. S1A ). Both these lines showed shorter hypocotyls than the wild type when grown in continuous FR ( Supplementary Fig. S1B , C).
We backcrossed the previously reported PHYB-GFP overexpressor, PBG5 (Yamaguchi et al. 1999) , with the wild-type (Col-0) plants four times. We exposed leaves of 3-week-old plants of the wild type, phyA-211, phyB-9, PAG8-7, PAG14-8 and PBG5 to continuous FR or R for 4 d and measured the Chl content and photochemical efficiency of leaves, as parameters of leaf senescence (Balazadeh et al. 2008) . Overexpressor lines (PAG8-7, PAG14-8 and PBG5) and loss-of-function mutants (phyA-211 and phyB-9) showed contrasting phenotypes under FR-enriched conditions ( Fig. 3; Supplementary Fig. S1D ). Under continuous R, PBG5 showed a higher Chl content than the wild type, whereas the Chl content of PAG14-8 did not differ from that of the wild type (Fig. 3) . We also tested the effect of other phyA and phyB mutant alleles on leaf senescence. The T-DNA insertion mutants of phyA (SALK_014575) and phyB (GABI_652F05) were verified for the T-DNA insertion sites and transcript abundance using PCR ( Supplementary Fig. S2A -C). The long hypocotyl phenotypes of SALK_014575 in continuous FR and those of GABI_652F05 in continuous R ( Supplementary Fig. S2D ) confirmed that these alleles were loss-of-function mutants of phyA and phyB, respectively. The leaf senescence phenotypes of phyA and phyB T-DNA insertion mutants resembled those of phyA-211 and phyB-9, respectively (Supplementary Fig. S2E , F), supporting the conclusion that phyA and phyB play opposite roles in regulating leaf senescence under FR-enriched conditions. To understand the basis of opposite functions of phyA and phyB in FR, we examined the leaf senescence phenotype of the phyAphyB double mutant in FR (Fig. 4) . The Chl content and photochemical efficiency of the phyAphyB double mutant were intermediate between those of phyA and phyB single mutants in FR. However, in R, the Chl content and photochemical efficiency of the phyAphyB double mutant were similar to those of the phyB single mutant. These results indicate that phyA and phyB antagonistically regulate leaf senescence in FR. To test whether phytochromes in attached leaves play the same roles as those in detached leaves, we examined the senescence phenotypes of whole plants under FR and R conditions. Three-week-old plants of the wild type, phyA-211 and phyB-9 were transferred to continuous FR or R for 11 d, following which the senescence parameters were measured in the third and fourth leaves ( Supplementary Fig. S3 ). Attached leaves of phyA-211 and phyB-9 mutants showed enhanced and repressed senescence phenotypes, respectively, in FR. In R, the phyA-211 mutant did not differ from the wild type; however, the phyB-9 mutant showed a lower Chl content and photochemical efficiency than the wild type. These results demonstrated that the function of phyA and phyB in attached leaves was similar to that in detached leaves.
Transcriptomic analysis of genes involved in FR-dependent leaf senescence
To identify genes that were responsible for FR-dependent leaf senescence and were antagonistically regulated by phyA and phyB, we determined the gene expression profiles in leaves of phyA-211 and phyB-9 mutants and wild-type (Col-0) plants on 0 and 4 d after FR treatment. To identify differentially expressed genes (DEGs), the 0 and 4 d data sets of each genotype were The Chl content of light-treated leaves is expressed relative to that of leaves before light treatment. Data represent the mean ± SE of three independent experiments. Statistically significant differences were determined using Student's t-test and are indicated with asterisks (*P < 0.05; **P < 0.01; ***P < 0.001).
From these three comparisons, we identified 7,767 genes that were up-regulated and 6,881 genes that were down-regulated after 4 d of FR treatment compared with their expression on day 0 in at least one genotype (Supplementary Fig. S4 ; Supplementary Table S1). A substantial number of these DEGs (53.0% of up-regulated and 59.3% of down-regulated genes) were common to the wild type, phyA-211 and phyB-9, indicating that FR-dependent leaf senescence affects many of the same genes in each genotype. However, 1,142, 702 and 254 genes were up-regulated exclusively in phyA-211, phyB-9 and the wild type, respectively, and 1,008, 325 and 304 genes were down-regulated exclusively in phyA-211, phyB-9 and the wild type, respectively. These data suggest that some parts of the senescence pathways are differentially modulated under FR in each mutant.
To explore the DEGs systematically, we performed nonnegative matrix factorization (NMF) clustering (see the Materials and Methods; Supplementary Table S2) and obtained four major clusters (labeled C1-C4 in Fig. 5A ), including >100 DEGs. Clusters C1 (3,208 genes) and C2 (2,610 genes) included genes that were down-regulated and up-regulated, respectively, in all three genotypes after 4 d compared with their expression on day 0 in the wild type (Col_4 days/Col_0 days, phyA_4 days/ Col_0 days and phyB_4 days/Col_0 days for C1 and C2 in Fig. 5A ). Cluster C3 included genes up-regulated after 4 d in the wild type compared with their expression on day 0 (Col_4 days/Col_0 days for C3 in Fig. 5A ). Interestingly, the strength of up-regulation in the wild type on day 4 was altered in phyA-211 and phyB-9. The up-regulation was further strengthened in phyA-211 (phyA_4 days/Col_4 days for C3 in Fig. 5A ) but weakened in phyB-9 (phyB_4 days/Col_4 days -2 s -1 for 4 d expressed relative to that of leaves before light treatment (0 day). Data represent the mean ± SE of three independent experiments. Statistically significant differences were determined using Student's t-test and are indicated with asterisks (*P < 0.05; **P < 0.01; ***P < 0.001). for C3 in Fig. 5A ). In contrast, cluster C4 included genes downregulated in the wild type after 4 d compared with their expression on day 0 (Col_4 days/Col_0 days for C4 in Fig. 5A) ; the down-regulation of these genes in the wild type was further strengthened in phyA-211 (phyA_4 days/Col_4 days for C4 in Fig. 5A ) but weakened in phyB-9 (phyB_4 days/Col_4 days for C4 in Fig. 5A ). These data suggest that clusters C3 (309 genes) and C4 (143 genes) were associated with contrasting senescence phenotypes observed in phyA-211 and phyB-9 (Fig. 2) . To understand the cellular processes associated with these four major clusters, enrichment analysis of Gene Ontology Biological Processes (GOBPs) was performed for genes in clusters C1-C4 using DAVID software (Huang et al. 2009) (Fig. 5B ; Supplementary Table S3) . Genes in clusters C1 and C2 were mainly involved in (i) responses to light stimuli and phytohormones, including cytokinin, jasmonic acid (JA) and ethylene; (ii) responses to heat and cold; (iii) immune/defense responses; (iv) aging; (v) photosynthesis; and (vi) oxidation-reduction processes. We noted above that genes in clusters C3 and C4 were related to contrasting senescence phenotypes of phyA and phyB mutants. Genes in cluster C3 were involved mainly in responses to JA and ethylene, and in the response to heat. In contrast, genes in cluster C4 were involved in the response to light stimuli and cytokinin, the response to cold, and immune/defense responses. Collectively, these data suggest that phyA and phyB antagonistically regulate expression of genes involved in diverse biological processes in FR-dependent leaf senescence.
To confirm that the differential expression of genes in clusters C3 and C4 was antagonistically regulated by phyA and phyB, we selected representative genes involved in cellular processes identified as important to those clusters. From cluster C3, we selected JASMONATE-ZIM-DOMAIN 10 (JAZ10), WRKY DNA-BINDING PROTEIN 6 (WRKY6) and ETHYLENE RESPONSE FACTOR 1 (ERF1) (involved in responses to JA and/or ethylene), HEAT SHOCK PROTEIN 17.6 A (HSP17.6A) and BCL-2-ASSOCIATED ATHANOGENE 6 (BAG6) (involved in the response to heat), and SENESCENCE-ASSOCIATED GENE 29 (SAG29) (involved in aging). From cluster C4, we selected RUBISCO ACTIVASE (RCA) (involved in cold and defense responses) and PHYTOCHROME INTERACTING FACTOR 3-LIKE 5 (PIL5) and CHL A/B-BINDING PROTEIN 2 (CAB2) (involved in the response to light and/or photosynthesis) (Fig. 6A, B; Supplementary Fig. S5 ). Quantitative RT-PCR (qRT-PCR) analysis confirmed that the nine selected genes had opposite expression patterns in the two mutants ( Fig. 6C; Supplementary Fig. S6 ). Taken together, these data suggest that genes in clusters C3 and C4 contribute to the contrasting senescence phenotypes of phyA and phyB mutants.
WRKY6 acts as a positive regulator in FR-dependent leaf senescence
Results of microarray experiments and qRT-PCR analysis confirmed that the expression of these nine genes was regulated by phyA and phyB antagonistically. It was previously reported that transcription factor families, such as NAC and WRKY, function as regulators in leaf senescence (Guo et al. 2004 ). WRKY6, one of the nine representative genes antagonistically regulated by phyA and phyB, is not only up-regulated during leaf senescence but also regulates the expression of senescence-associated genes , Zhang et al. 2018 . To test whether WRKY6 plays a key role in the antagonistic regulation of phyA and phyB in FR-dependent leaf senescence, we subjected leaves of the wrky6 T-DNA insertion mutant to FR and R.
Compared with wild-type leaves, wrky6 mutant leaves showed repressed leaf senescence in FR but not in R (Fig. 7A-C) , indicating that WRKY6 has a positive role in FRdependent leaf senescence, and phyA-and phyB-mediated antagonistic regulation of WRKY6 expression is important for modulating leaf senescence in FR. Fig. 4 , with involved GOBPs colored in orange and green, respectively. (C) Relative expression of representative genes from each cluster analyzed in the third and fourth leaves of the wild type (Col-0), phyA-211 and phyB-9 using qRT-PCR. The expression of each gene was normalized against that of the internal control, ACT2. Detached leaves from 3-week-old plants were incubated in 1 mmol m -2 s -1 FR for 4 d. Data represent the mean ± SE of three independent experiments. Statistically significant differences were determined using Student's t-test and are indicated with asterisks (*P < 0.05; **P < 0.01; ***P < 0.001).
Discussion
In the present study, we reveal that phyA inhibits and phyB promotes leaf senescence in FR. The antagonistic effect of phyA and phyB in FR has also been demonstrated on seedling growth (Zheng et al. 2013 , Martinez-Garcia et al. 2014 , Su et al. 2015 . In FR-enriched conditions, phyA and phyB mutants exhibit long and short hypocotyls, respectively, compared with the wild type. The light conditions responsible for opposing hypocotyl phenotypes of phyA and phyB mutants were consistent with our R:FR ratios (5:95 and 0:100). Furthermore, mRNA levels of ribulose-1,5-bisphosphate carboxylase (RBCS) and ELONGATED HYPOCOTYL 5 (HY5) and the protein level of SUPPRESSOR OF PHYA-105 (SPA1) are oppositely regulated by phyA and phyB in FR (Zheng et al. 2013 , Su et al. 2015 . This contrasting effect of phyA and phyB is apparent under a relatively low intensity of FR ($1 mmol m -2 s -1 ) (Su et al. 2015) . These results suggest that the opposite roles of phyA and phyB are essential for the adaptation of plants to low intensity of FR, such as that under shade. We further showed that the leaf senescence phenotype of the phyAphyB double mutant in FR was intermediate between those of phyA and phyB single mutants. This intermediate phenotype of the phyAphyB double mutant has been previously reported in terms of hypocotyl length and SPA1 protein level in FR (Zheng et al. 2013 , Su et al. 2015 , thus supporting the antagonistic effect of phyA and phyB in the regulation of leaf senescence in FR. We suggest two possible mechanisms underlying the antagonistic effect of phyA and phyB on leaf senescence in FR. One possible mechanism is that phyA interferes with the nuclear import of phyB in FR; this is supported by data showing that the small amount of phyB present in the nucleus in darkness is increased by FR, and this nuclear import of phyB is further increased in the phyA mutant background (Zheng et al. 2013) . Another possible mechanism is that phyA and phyB antagonistically regulate a common downstream component of leaf senescence in FR. Zheng et al. (2013) have shown that the accumulation of SPA1 in FR is antagonistically regulated by phyA and phyB, suggesting that phyA and phyB antagonistically regulate a common downstream component; this is consistent with our microarray data (Fig. 5) showing that genes in C3 and C4 clusters were antagonistically and simultaneously regulated by phyA and phyB.
In the natural environment, light conditions can vary because of spatial and/or temporal factors. FR is particularly enriched in a dense population of plants or under heavy canopy cover (Martinez-Garcia et al. 2014) . FR-enriched conditions are unfavorable for photosynthesis and induce leaf senescence in plants. Leaf senescence in FR-enriched conditions is one of the adaptive strategies that plants employ to maximize their fitness. To adapt to such unfavorable environments, plants must be able to sense the changes in light quality. The involvement of phytochromes in regulating leaf senescence based on light quality has been published in recent reports. The phyB photoreceptor inhibits leaf senescence by repressing PIF4/PIF5-initiated feed-forward loops, whereas phyA does not show any difference in leaf senescence compared with the wild type (Sakuraba et al. 2014) . In another report, phyA was shown to restrict the loss of Chl content in individual leaves subjected to shade or FR treatment. This inhibitory effect of phyA results from the modulation of expression of Chl biosynthesis-related genes, not from the reduction in the expression of SAGs (Brouwer et al. 2014 ). However, we showed that the expression of SAGs, such as SAG12 and SAG29, was increased in phyA mutant leaves ( Supplementary Fig. S5A ), indicating that phyA inhibits leaf senescence by repressing the expression of SAGs in FR. Furthermore, we verified that phyB not only inhibited leaf senescence in R, which is consistent with the result of a previous report (Brouwer et al. 2014 , Sakuraba et al. 2014 ), but also promoted leaf senescence in FR. Similarly, opposite effects of phyB on seedling growth have been reported in R and FR (Su et al. 2015) . These results suggest that the spectral form of phyB has an important role in regulating leaf senescence. We propose that either the Pr form or an unknown form of phyB positively regulates leaf senescence in FR-enriched conditions. This light quality-dependent regulatory mode may be useful in the plant's adaptation to continuously changing light quality. Further for 4 d expressed relative to those of leaves before light treatment (0 d). Data represent the mean ± SE of three independent experiments. Statistically significant differences were determined using Student's t-test and are indicated with asterisks (*P < 0.05; **P < 0.01; ***P < 0.001).
studies are needed to elucidate the dependence of phyB on its spectral form for regulating leaf senescence. In this study, we showed that the conditionally opposite roles of phyB, depending on light conditions, are important for the regulation of leaf senescence. In addition to phyB, other proteins have also been reported to exhibit conditionally contrasting roles. For example, cryptochrome 1 functions as a transcriptional activator of light-harvesting chl a/b binding protein of photosystem II (Lhcb) in normal conditions but as a transcriptional repressor of Lhcb expression when chloroplast biogenesis is blocked (Ruckle et al. 2007 ). The function of the circadian clock protein GIGANTEA (GI) is segregated spatially; nuclear GI positively regulates LATE ELONGATED HYPOCOTYL (LHY), whereas cytosolic GI negatively regulates LHY ). In rice, Heading date 1 (Hd1) acts as a positive and negative regulator of flowering under short-day and long-day photoperiods, respectively (Yano et al. 2000) . These data suggest that conditionally opposing functions of a single protein are a general phenomenon in biological processes; these help plants to adapt to the surrounding environment.
Our transcriptomic analysis revealed that genes involved in aging and in responses to heat, JA and ethylene belonged to the cluster C3, whereas genes involved in photosynthesis and responses to defense, cold, light and cytokinin belonged to the cluster C4 (Fig. 5B) . These findings resemble those of previous transcriptomic analyses of leaf senescence (Breeze et al. 2011 , Woo et al. 2016 , and imply that many biological responses underlying leaf senescence in FR are shared with those controlling agedependent leaf senescence. Among hormone-related responses, JA and ethylene are known as inducers of leaf senescence (Grbic and Bleecker 1995 , He et al. 2002 , Lorenzo et al. 2003 . It has been shown that the inactivation of phyB in FR reduces the DELLA protein level and plant defense response via a JA-dependent pathway (Leone et al. 2014) . Elucidation of the relationship between FR perception and the JA hormone pathway in FR-dependent leaf senescence requires further investigation.
Leaf senescence involves many transcription factors (Guo et al. 2004 , Woo et al. 2013 . In this study, we identified WRKY6, a member of the family of plant-specific transcriptional regulators in Arabidopsis, as a downstream regulator of phytochromes in FR-dependent leaf senescence. This suggests that phytochromes sense FR, which is transduced to the leaf senescence pathway via WRKY6; subsequently, WRKY6 positively regulates leaf senescence. However, the wrky6 mutant did not show any difference in the senescence phenotype compared with the wild type in R (Fig. 7) . This result leads us to speculate that phyB-mediated regulation of WRKY6 expression may be specific to FR. The expression of WRKY6 is affected by external and internal factors, such as aging, hormones (salicylic acid, JA and ethylene) and wounding (Robatzek and Somssich 2001) . WRKY6 negatively regulates its own expression and positively regulates the expression of genes involved in leaf senescence and plant defense (Robatzek and Somssich 2002) . WRKY6 directly binds to the promoter of the SENESCENCE-INDUCED RECEPTOR-LIKE PROTEIN KINASE (SIRK) gene and up-regulates its expression. These data suggest that WRKY6 is a positive regulator of leaf senescence. This idea is supported by a recent report that WRKY6 positively regulates dark-induced senescence through the up-regulation of SAGs (Zhang et al. 2018) . In that study, DELLA proteins involved in the gibberellic acid signaling pathway inhibited the role of WRKY6 in the upregulation of SAGs. Furthermore, it has been reported that the phyB signaling pathway is related to gibberellic acid metabolic and signaling pathways. In the shade, gibberellic acid synthesis is increased via the transcriptional activation of GA20ox and GA3ox genes; this degrades the DELLA proteins, which repress PIF4 function (Colebrook et al. 2014) . Furthermore, PIF4/5 and DELLA proteins function as positive and negative regulators of leaf senescence, respectively (Chen et al. 2014 , Sakuraba et al. 2014 . These data suggest that PIF4/5 or gibberellic acid signaling pathway components (DELLA proteins) act downstream of phyA and phyB in FR-dependent leaf senescence. It has been reported that PIF4/5 and DELLA proteins bind to the G-box (C ACGTG) in target gene promoters (Martinez-Garcia et al. 2000 , Sakuraba et al. 2014 , Marin-de la Rosa et al. 2015 . Taking these data into consideration, promoter analysis of DEGs antagonistically regulated by phyA and phyB in C3 and C4 clusters is essential. In addition to PIF4/5 and DELLA proteins, HY5 is another possible candidate for the common downstream regulator of phyA and phyB in FR-dependent leaf senescence. The transcription of HY5, which encodes a bZIP transcription factor, is oppositely regulated by phyA and phyB in FR (Su et al. 2015) . The nuclear accumulation of HY5, which is negatively regulated by SPA1 and CONSTITUTIVE PHOTOMORPHOGENIC1 (COP1), is promoted and inhibited by phyB in FR and R, respectively (Zheng et al. 2013) . It has been suggested that HY5 is involved in leaf senescence because a number of senescencerelated genes have been predicted as putative targets of HY5 (Ay et al. 2014) . Like PIF4/5 and DELLA, HY5 also binds the Gbox in target gene promoters. Moreover, WRKY6 and SAG29 have been identified as putative targets of HY5 (Lee et al. 2007 ). These data suggest that HY5 acts as one of the common downstream regulators of phyA and phyB in FR. In conclusion, we propose a model in which antagonism between phyA and phyB is essential for fine-tuning leaf senescence in FR-enriched conditions ( Supplementary Fig. S7 ). We extend the concept of antagonistic roles of phyA and phyB required for optimal growth under shade to leaf senescence.
Materials and Methods
Plant growth and light treatments
Arabidopsis thaliana plants were grown in an environmentally controlled growth room (Korea Instruments) under a long-day (16 h light/8 h dark) cycle at 22ºC and 100 mmol m -2 s -1 of white light for 3 weeks. For the detached leaf senescence assay, third and fourth leaves from 3-week-grown plants were floated on 3 mM MES buffer (pH 5.7) in transparent 24-well plates (SPL LIFE SCIENCE) and the plates were kept in a growth chamber (VISION Scientific) for 4 d. For the attached leaf senescence assay, 3-week-grown whole plants in pots were incubated in a growth chamber for 11 d. phyA-211 (Reed et al. 1994 ) and phyB-9 mutants are in the Col-0 background. 35S::PHYB-GFP (PBG5) was kindly provide by Dr. Nagatani (Yamaguchi et al. 1999 ) and we backcrossed this overexpression line to the Col-0 background. For PHYA-overexpressing transgenic plants, amplified full-length PHYA cDNA (Col-0) was cloned into the pCR/GW/TOPO vector (Invitrogen). To generate binary vector, the cloned PHYA cDNA was integrated into the gateway version of the pCsV1300 vector, harboring a green fluorescent protein (GFP) tag, using LR clonase (Invitrogen), and then this binary vector was transformed into the phyA-211 mutant by the floral dip method (Clough and Bent 1998) using Agrobacterium tumefaciens strain AGL1. The primers used in cloning PHYA cDNA are listed in Supplementary  Table S4 . phyA (SALK_014575) and wrky6 (SALK_012997) (Zhou et al. 2011 ) T-DNA insertion lines were obtained from the ABRC (Arabidopsis Biological Resource Center), and the phyB (GABI_652F05) T-DNA insertion line was from the GABI_KAT collection. These T-DNA insertion lines were confirmed by PCR genotyping. The primers used in the PCR genotyping are listed in Supplementary  Table S4 . For the treatment of FR enrichment by adding FR to a fixed intensity of R, the detached leaves floating on 3 mM MES buffer (pH 5.7) were incubated in continuous R (660 nm 
Assays of leaf senescence
For assay of light quality-dependent leaf senescence, total Chl content and photochemical efficiency were measured as described by Kim et al. (2014) . The concentration of total Chl was measured by Biospectrometer (Eppendorf). The photochemical efficiency of PSII was measured by an Imaging-PAM Chl fluorometer (Heinz Walz GmbH) after 15 min of dark incubation.
Microarray experiments
Total RNA was obtained from detached leaves of wild-type, phyA-211 or phyB-9 before and after FR treatment (1 mmol m -2 s -1 ) (0 and 4 d) using WelPrep total RNA isolation reagent (WELGENE). Two biological replicates were prepared for each condition (n = 2). RNA purity and integrity were evaluated by NanoDrop 2000 (Thermo Fisher Scientific, NanoDrop Products) and Bioanalyzer 2100 (Agilent), respectively, and the samples with an RNA integrity number !7 were used. The complementary RNA (cRNA) was generated using the Low input quick amp labeling kit (Agilent, 5190-2305) according to the standard Agilent One-Color microarray protocols. Reverse transcription of the total RNA to double-stranded cDNA was performed, followed by synthesis of cRNA. cRNA was labeled with Cy3-dCTP and hybridized to Agilent SurePrint G3 Arabidopsis 8 Â 60K microarray chips containing 61,657 probes (Agilent, G4102A-031025). The hybridized chips were scanned with an Agilent SureScan microarray scanner. The array images were analyzed by Feature Extraction software (version 11.5.1.1; Agilent) to obtain the raw data. The raw data were deposited in the Gene Expression Omnibus (GEO) with the accession ID, GSE103946.
Identification of differentially expressed genes (DEGs)
The scanned log 2 intensity values were normalized across the samples using quantile normalization (Bolstad et al. 2003) . Next, we identified DEGs between FR-treated (4 d) and untreated plants (0 d) in the wild type, phyA-211 or phyB-9 by applying an integrative statistical method to the normalized log 2 intensities as previously described (Lee et al. 2010 ): (i) wild type at 4 d vs. at 0 d (Col_4D/ Col_0D); (ii) phyA-211 at 4 d vs. at 0 d (phyA_4D/phyA_0D); and (iii) phyB-9 at 4 d vs. at 0 d (phyB_4D/phyB_0D). Briefly, for each gene, we performed the Student's t-test and the log 2 median ratio test to compute T values and log 2 median ratios, respectively, in the comparisons. Then, the empirical null distributions of T values and log 2 median ratios were generated by performing random sampling experiments using the total samples 1,000 times. For each gene, adjusted P-values of the observed T value and log 2 median ratio for the gene were calculated based on their corresponding empirical distributions, and the adjusted P-values were then combined into an overall P-value using Stouffer's method (Hwang et al. 2005) . We then determined the cut-off of log 2 fold changes as 10th percentiles (0.58, 1.5-fold in the original scale) of log 2 median ratios obtained from the random sampling experiments. Finally, the DEGs were identified as those with overall P-values <0.05 and log 2 fold changes >0.58.
Selection of the major gene clusters by non-negative matrix factorization (NMF) clustering
To summarize effectively differential expression patterns of DEGs in multiple comparisons, we performed NMF clustering as previously described (Kim et al. 2011 . For NMF analysis, we computed log 2 fold changes from the following comparisons for 21,972 expressed genes using gene expression profiles generated at 0 d (0D) and 4 d (4D) in the wild type (Col-0) and phyA-211 and phyB-9 mutants: Col_0 days/Col_0 days, phyA_0 days/Col_0 days, phyB_0 days/Col_0 days, Col_4 days/Col_0 days, phyA_4 days/Col_0 days, phyB_4 days/Col_0 days, phyA_4 days/Col_4 days and phyB_4 days/ Col_4 days. These log 2 fold changes were combined into a fold change matrix (21,972Â8). We then applied NMF clustering to the fold change matrix with the following parameters as previously described (Kim et al. 2011) : the number of clusters (k) = 30 and P-value cut-off = 0.01 for selection of genes defining individual clusters. After testing k = 20, 30 and 50, k was set to be 30 as the maximum number of clusters with no redundant clusters. Finally, among the genes selected with P < 0.01, we further selected those that were identified as DEGs in at least one of the three following comparisons: Col-0_4D/Col-0_0D, phyA-211_4D/phyA-211_0D and phyB-9_4D/phyB-9_0D. The clusters with the number of the selected genes >100 were used for the following analyses.
Functional enrichment analysis
To understand cellular processes associated with the major clusters from NMF clustering, we performed the enrichment analysis of GOBPs for the genes selected for the clusters using DAVID software (Huang et al. 2009 ) with P < 0.05.
RNA isolation and quantitative reverse transcription-PCR (qRT-PCR)
Total RNA was isolated from light-treated leaves using WelPrep total RNA isolation reagent (WELGENE), and cDNA was synthesized using the ImProm II Reverse Transcriptase System kit (Promega) following the manufacturer's protocols. For measuring the gene expression levels, qRT-PCR was performed (CFX96 Touch Real-Time PCR Detection System, Bio-Rad) and transcript levels of target genes were normalized by ACTIN2 (ACT2, At3g18780) as the internal control. For RT-PCR analysis, ACTIN8 (ACT8, At1g49240) was used as the internal control. The primers used in this study are listed in Supplementary Table S4 .
Supplementary Data
Supplementary data are available at PCP online. 
